In order to simulate the potential effect of forecasted land-cover change on streamflow and water availability, there has to be confidence that the hydrologic model used is sensitive to small changes in land cover (<10%) and that this land-cover change exceeds the inherent uncertainty in forecasted conditions. To investigate this, a 26-year streamflow record was simulated for 33 basins (54-928 km characterized by topographic wetness index, resulting in a change in hydrology for each HRU, highlighting that knowing the location of disturbance is key to understanding potential streamflow changes. These results show that streamflow simulation using regional calibration that incorporates land-cover-based HRUs can be sensitive to relatively small changes in land-cover and that temporal trends resulting from land-cover change can be isolated in order to evaluate other changes that might affect water resources.
Analysis of historical streamflow (Q) in the northeast United
States, including the DRB, has shown a general increase in all but the annual minimum Q (Rice, Emanuel, Vose, & Nelson, 2015) , with change in the annual mean and maximum Q related to increases in winter temperature and a decrease in snow-water storage in the uDRB (Burns, Klaus, & McHale, 2007) . Other research has shown that the effect of changing climate is aggravated by land disturbance, such as a surplus of 2-3°C in daytime urban land-surface temperatures relative to surrounding forested areas (Bounoua et al., 2015) .
Changes in the frequency distribution of streamflow are more difficult to discern, because although hydroclimatic and topographic variables are key to understanding magnitude, the amount of disturbance, a combination of agricultural and developed land uses, also affects the range of hydrologic conditions. Specifically, the distribution of less frequent events relative to the typical environment, as characterized by the skewness, kurtosis, and tails of the Q distribution, changes as a result of disturbance (Rice et al., 2015) . Agricultural land has been shown to increase Q, and population concentrations that require reservoir storage for water supply result in decreased Q (Patterson, Lutz, & Doyle, 2013) ; the effect of these land-cover changes can exceed that from climatic influences (Rice et al., 2015) .
The link between basin morphology and hydroclimate is well investigated (Toy, 1977) and is the basis of examining hydrology using a regional approach (Wolock, 2003) . Hydrologic modelling of individual basins requires incorporation of local basin characteristics, including topographic and pedogenic (soils) data (Beven & Kirkby, 1979) , and hydrologic simulation is sensitive to the resolution and integration of these data (Brasington & Richards, 1998; Williamson, Taylor, & Newson, 2013) . Hydrologic modelling that focuses on human-FIGURE 1 Thirty-three basins used in landcover comparison among 2011 NLCD and 2030-and 2060-median aggregates of landcover forecasts. Basins range in size from 50 to 1,000 km 2 and were validated for model performance for 2001 (Williamson and others, 2015 . Basins are identified by U.S. Geological Survey (USGS) Site ID (Table 1) . National Land-Cover Dataset (NLCD) classes are grouped by hydrologic response unit (HRU) altered landscapes requires an accurate geospatial characterization of disturbance in order to properly partition water that infiltrates into the soil from water that runs off impervious surfaces (U.S.
Department of Agriculture, 1986) . Location of pervious areas determines how precipitation infiltrates and is stored as soil water, providing temporary storage and availability for evapotranspiration (ET). Integration of hillslope-hydrology models with those of disturbed landscapes is sensitive to this integration of land-cover, topographic, and pedogenic information (Kennen, Kauffman, Ayers, Wolock, & Colarullo, 2008) .
Urban development, including soil compaction, impervious surfaces, vegetation management, and stormwater and wastewater infrastructure, affects streamflow by altering the retention time of water in a basin (Leopold, 1968) . Urban watersheds tend to exhibit higher high flows and lower low flows due to increased surface runoff and reduced infiltration and groundwater recharge (DeFries & Eshleman, 2004) . Hydrological simulations can be sensitive to land-cover change, including vegetation maturity, agricultural management, and expansion of urban areas, but only if the hydrologic model calibration is independent of how land cover is incorporated (Matheussen, Kirschbaum, Goodman, O'Donnell, & Lettenmaier, 2000) . To examine the impacts of land change on streamflow, researchers have loosely coupled land-use/land-cover change models with hydrologic models (Hurkmans et al., 2009; McIntyre et al., 2013; Tang, Yang, Hu, & Gao, 2011) . This research has shown that effects of land-cover change are often localized in watersheds where change is concentrated and that changes in land cover/use (e.g., afforestation and urban development) can have opposing or compounding effects on streamflow. For example, localized transitions from cropland to developed may include corresponding increases in tree canopy that mitigate the hydrologic effects of increased impervious cover (Hurkmans et al., 2009 ). An approach that relies on a more granular representation of the land use, soils, and topography and is tied directly to hydrologic process would be better able to capture nuanced and localized effects of land-use change.
Our objective was to forecast potential changes in streamflow and water availability in the DRB. We did this by incorporating a research-based, statistically validated simulation of land-cover change with a regionally calibrated, process-based, hydrologic model, loosely coupling the Chesapeake Bay Land Change Model (CBLCM; Claggett, Irani, Thompson, & Stubbs, 2014) and Water Availability Tool for Environmental Resources (WATER-DRB; Williamson et al., 2015) . Our hypothesis was that differences among streamflow simulations from three different time periods of land-cover data-2011, 2030, and 2060-would reflect changes in the distribution of forested, agricultural, and developed land and that these changes could be quantified by streamflow metrics that describe not only magnitude of streamflow but also the statistical distribution of streamflow magnitudes. The work discussed here details how stochastic forecasts of land cover were integrated with hydrologic simulation that incorporates a combi- 
| MATERIALS AND METHODS
Land-cover forecasts for two target time periods, 2030 and 2060, were used to quantify the change in streamflow relative to 2011 for 33 unregulated tributaries in the DRB ( Figure 1 and Table 1 ).
| Hydrologic model
Hydrologic simulations used a process-based hydrologic model (Williamson et al., 2015) that is informed by a dataset that catalogues spatial variability in topography and soil properties and was developed using the 2011 National Land-Cover Dataset (NLCD; Homer et al., 2012) and historical data (1981-2011) on daily precipitation and temperature (Daymet; Thornton et al., 2012) . Simulation of daily streamflow was statistically evaluated for 48 U.S. Geological Survey (USGS) streamgages that ranged from 3 to 9 years of overlap (water years 2002-2010; waterdata.usgs.gov) with the climate record, 33 of which were used to evaluate the integration of the hydrologic model with the land-cover model. Two goodness of fit statistics are provided (Table 1) , including the Nash-Sutcliffe efficiency (E f ), which ranges from negative infinity to a maximum value of 1 indicating that every day of the simulation matches the observed record (Ef; Nash & Sutcliffe, 1970) , and the normalized root-mean-squared error (RMSEn), which calculates the error in daily simulation as a multiple of observed Q, so is proportional and comparable among basins.
Review of these statistics shows that the model performs similarly in basins regardless of land-cover distribution.
WATER is regionally calibrated, meaning that the model works with the same parameterization in all areas of the DRB. WATER-DRB incorporates TOPMODEL as described by Wolock (1993) , with modifications by Kennen et al. (2008) and Williamson et al. (2009) , and simulates the storage of water and remaining empty pore space in the soil as a function of the topographic wetness index (TWI). The model incorporates total soil porosity, field capacity, and wilting point for both the rooting zone and underlying soil thickness (Williamson et al., 2014) in order to comprehensively simulate the open pore space (the saturation deficit of Beven, 1984) . Use of a regionally calibrated, process-based hydrologic model means that parameterization is not tied to individual basins or statistical links among historical streamflow, climate, and land cover that may change in the future (Farmer et al., 2015) ; instead, the hydrologic model focuses on how water moves across the landscape as a function of local topography, soils, and water-balance. The model runs hourly on days with precipitation, daily on days without, and saturation deficit is equilibrated for all TWI bins at the end of each time step. These TWI bins are one of the geospatial layers that are sampled by hydrologic response unit (HRU).
The use of HRUs to enable land-use specific parameterization and scenario testing required regional optimization of 10 parameters ( Figure 2 ) that control the interaction of geospatially sampled and basin specific topography, soils, and land cover with precipitation disposition. Parameter optimization was first done using basins with relatively homogeneous forested, agricultural, or developed land cover followed by basins with mixed land cover (Table 1) to simulate the best fit for streamflow observations-these basins incorporated a range of physiographic settings throughout the DRB. A final set of mixed-land-cover basins were used to test model output. Optimization incorporated parameter exploration (Doherty, 2008) , which highlighted the sensitivity of TOPMODEL to the scaling parameter Note. Land-cover percentages (National Land-Cover Dataset 2011) are used to create hydrologic response units before sampling topography and soils data. Goodness-of-fit statistics of daily streamflow include the Nash-Sutcliffe efficiency of the natural-log transformed value (Ef; median = 0.651) and the normalized root-mean squared error (RMSEn; median = 0.612). Only one nested basin has been included (01421900), which is a tributary to a basin that is approximately twice the area, but with a similar land-cover distribution (01423000). The model was originally optimized using basins with a majority of a single land cover (f, forested; a, agricultural; d, developed) for 2000-2010; parameterization was verified using a subset of mixed basins (m) and test basins (t; details in Williamson et al., 2015) . m amsl, meters above mean sea level.
examine management scenarios that involve projected climate change, forecasted expansion of urban and suburban areas, and restoration goals of minimally impacted streamflow environments, without the requirement for additional calibration (Guo, Hu, & Jiang, 2008) . This approach ignores model and parameter uncertainty (Seibert & McDonnell, 2010) , instead focusing on differences in the streamflow distribution (Guo et al., 2008) as a result of specific land-cover changes that cannot be independently represented in statistical models or highly parameterized models that are tied to the stationary conditions with which they were parameterized (Farmer et al., 2015) .
Model structure, data sources, optimization, and uncertainty for 2002-2010 (which aligned with land-cover and available water-use data) are detailed by Williamson et al. (2015) . In summary, land-cover A temperature-indexed approach is used to estimate the hydroclimatic variables of snowfall (U.S. Army Corps Engineers, 1998) and potential ET (Hamon, 1963) with parameterizations varied by HRU ( Figure 2 ).
Actual ET is calculated based on a combination of potential ET and soil-water storage. Daily streamflow is calculated as the quantity of water generated from the previous landscape summed with that delivered from the impervious area of each HRU; streamflow from the three HRUs is then summed. Consequently, any change in the spatial intersection of an HRU and other spatial layers (TWI and soil properties)
will change how precipitation infiltrates and interacts with the hydrologic environment.
| Land-cover projection and urbanization forecasts
The CBLCM (Claggett et al., 2014) . Consequently, basins are described in terms of both the FIGURE 2 Model parameters vary by land-cover-based hydrologic response units and were optimized for regional hydrologic simulations (Williamson et al., 2015) . These parameters control the soil-plant-water interactions. This enables scenario testing using landcover forecasts because these parameters control how hydrologic response is affected following the transition from one HRU to another HUC-12s which they overlap, and those HUC-12s that share a common topographic boundary. which the median difference would be expected to be 0. Each 26-year streamflow record (104 in total) was characterized using metrics that quantify the difference in magnitude, frequency, duration, and timing of daily streamflow (Archfield, Kennen, Carlisle, & Wolock, 2014) .
Streamflow was evaluated as mean annual streamflow (Q ann ) for the 26-year period and as tails of the daily streamflow-frequency distribution (10th and 90th percentiles; Q lo and Q hi ). The variability of the streamflow-frequency distribution was quantified using the coefficient of variation (CV), skew (L-skew), and kurtosis (L-kurt). L-moments were used because they provide less bias in estimation and are more robust to outliers (Hosking & Wallis, 1995) . Finally, timing and duration of streamflow were evaluated as seasonality, including the amplitude (Α) and seasonal phase interpreted as day of maximum seasonal streamflow (DM; Helsel & Hirsch, 2002) . For clarity, the standard dif- and land-cover snapshots were available (Falcone, 2015) . However, no attempt was made to incorporate changes in water-use withdrawals, wastewater returns, interbasin transfers, or infrastructure.
Because of the range of conditions that might have been altered in individual basins, magnitude of change was not considered.
Statistical evaluations were done using R, including the base package (R Core Team, 2014) and the E-flow stats package (Thompson & Archfield, 2014) , with updates for the phase calculation from November 2016 (https://github.com/USGS-R/EflowStats/issues/63). Data from the 101 equally likely 2030 land-cover iterations are summarized in the results (Lorenz, 2015) . 
| Streamflow frequency distribution and differences between time periods
The CV expresses dispersion of the streamflow frequency distribution as a proportion of the mean (Hosking & Wallis, 1995) . (Figure 5f ). For comparison, L-kurt = 1 FIGURE 6 Standard difference of simulated streamflow metrics for 33 basins in the Delaware River Basin using 2030-median aggregate as the baseline ( Figure 5 ). Note that the range is generally higher for those basins with <60% forested area, both among the 101 equally likely 2030 simulations and among time periods indicates a uniform streamflow for the entire record. The standard difference pattern for L-kurt is similar to that for L-skew and ranges from −4.8 to 4.2% among 101i (Figure 6f ). L-kurt is forecasted to increase as forested area decreases and transitions to developed land (p-value = 0.0488 for 2060-med comparison), but only basins with a relatively equal distribution of forested, agricultural, and developed land, where a single land cover does not control hydrology, experience a demonstrable change.
| Streamflow seasonality and differences between time periods
The seasonal amplitude of streamflow magnitude, Α 30m , ranges from 0.11 to 0.62 and shows a complex interaction of land cover, latitude, and parent material (Figure 5g ). For example, Α 30m is generally higher for larger basins of the same land-cover distribution and for Coastal
Plain basins (the three highest values); however, the two lowest values are for basins with 99% (01435000) and 13% (01465798) The DM 30m dates range from January 14 to March 13 (Figure 5h ).
For basins at similar latitudes, DM 30m is later for larger basins; those basins that are in the Coastal Plain have the latest DM 30m overall.
The standard difference among DM 101i ranges from 3.1 days later to 1.6 days earlier for the seasonal peak ( Figure 6h ) and a maximum range of 3.2 days for an individual site (01452000). All other basins have <2-day range among 101i; two sites are forecasted to undergo no change (01414500 and 01415000). The standard differences among the time periods range from three-fourth-day later 
| Historical hydrology
The type of land-cover transition simulated here is not new in the DRB, so historical streamflow observations were compared in order to identify the direction of change in streamflow metrics. Comparison of 5-year periods centred on 1974 and 2012, for which total annual precipitation was similar, shows a similar effect of increasing variability in the streamflow distribution with increasing disturbance (Figure 7 ).
Increase in development in these basins ranged from no change (01414500) to 30.4% (01464907). Although there was a decrease in each streamflow magnitude (p-value < 0.0001) associated with increased development over this 38-year period, there was also an FIGURE 7 Streamflow metrics for observations centred on 1974 and 2012, coinciding with land-cover snapshots (Falcone, 2015) .
Note that although streamflow magnitude shows a general decrease with the increase in disturbance for these 38 years, the variability metrics each increase and amplitude decreases, similar to what was seen for the simulations presented here increase in each variability metric (p-value < 0.0001) that is echoed by the decrease in Α (p-value < 0.0001). There is no consistent change in DM as development increased.
| DISCUSSION
Communicating how land-cover change forecasts are incorporated into hydrologic models is critical to interpreting water-budget projections that include the combined effects of both land-cover and climate change because although climatic influences control the overall magnitude of streamflow, land cover strongly influences seasonality and temporal distribution of streamflow conditions as a function of how water is stored and moved through the landscape (Guo et al., 2008; Juckem, Hunt, Anderson, & Robertson, 2008) . Our results show that streamflow simulation using regional calibration that incorporates land-cover based HRUs can be sensitive to relatively small (<10%) changes in land-cover and that temporal trends exceed the variability from a single time period. This was possible because the hydrologic model incorporated land cover, topography, and soils data at resolutions comparable to the resolutions of extant and simulated impervious and pervious surfaces and parameterization was not dependent on stationarity.
| Location of forecasted disturbance is as important as total area
The effect of land-cover change on streamflow is well documented.
Much research has focused on removal or restoration of forest (Brown, Western, McMahon, & Zhang, 2013; Li, Xu, & Sun, 2014) or agricultural management (Juckem et al., 2008) . Few studies examine basins with mixed land cover for which location and spatial integration of new disturbance, not only total area affected, have proven critical to mitigating environmental effects like land-surface temperature (e.g., Zhou, Huang, & Cadenasso, 2011) . The research presented here shows that the location of forecasted disturbance relative to topographic and pedogenic variability in a basin affects the timing of how water moves through the remaining pervious landscape and that con- (Dunn & Mackay, 1995; Krug, 1996) . This is not due to changes in model parameterization, which was kept constant for all simulations. Consequently, land-management planning should consider soil and parent-material properties in addition to topography because of how these decisions can maximize either localized soil-water storage or overland flow.
Two aspects of our integration of the hydrologic and land-cover models underscored the nuance of representing the location of fore- rooting extent, or developed areas that are designed to move water off the impervious landscape, resulting in more precipitation quickly becoming stormflow. These effects are simulated using the parameterization of the three HRUs. A related result is that Q lo is forecasted to decrease with increased disturbance; a smaller proportion of precipitation infiltrates to become soil water that, ultimately, provides baseflow to streams during the driest times of year. The tails of the distribution are affected consistently, regardless of the mix of the three HRUs, indicating that multiple HRU parameters cause change in the same direction for the largest (smallest) streamflows. In contrast, the mean annual daily streamflow is forecasted to increase only in basins forecasted to increase in development, suggesting that it is an increase in impervious area that most affects this metric.
Seasonality of streamflow is forecasted to change, with a smaller difference between the winter high streamflow and the summer-fall low streamflow (Α), and an earlier occurrence of the sustained winter streamflows (DM) in basins where development, and thus impervious area, is forecasted to increase. As with magnitude and variability metrics, seasonality differences reflect that a smaller proportion of precipitation infiltrates into the soil to sustain baseflow between storm events. Again, the commonality of more change in basins with less forested cover is seen regardless of basin size, latitude, or parent material -all of which affect the distribution and timing of streamflow for the 2030-med simulations.
Although much of the concern about changes in snowpack storage and earlier winter streamflow peaks in the DRB has focused on the more northern areas that supply the largest water-supply reservoirs (Burns et al., 2007; Matonse et al., 2012) , Williamson, Nystrom, and Milly (2016) showed a projected earlier onset of winter streamflow peak in central and southern portions of the DRB as well. 
| SUMMARY AND CONCLUSIONS
In order to incorporate forecasted land cover into a hydrologic model, there has to be confidence that (1) the model is sensitive to these changes and (2) land-cover forecasts can adequately distinguish a temporal trend. Our results show that streamflow simulation using regional calibration that integrates land-cover-based HRUs with geospatial sampling of topography and soils can be sensitive to relatively small (<10%) changes in land cover and that temporal trends to reflect these land-cover changes indicates that the same approach could be used to investigate changes in streamflow conditions associated with proposed landscape restoration and a decrease in total disturbance.
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